The ratio of l*C : 13C was measured for Emiliania huxleyi cells grown under a range of irradiances in batch culture. Based on the assumption that HCO, was the carbon source, the maximum discrimination against 13C in the decalcified E. huxleyi cells was 24.6?& at 4.8 mol photons m-* d-l and the minimum discrimination was 17.9?& at 0.5 mol photons m-* d-l. In calcified cells, the range of 13C isotope discrimination was markedly lower (12-217~). In both calcified and decalcified cells, the carbon isotopic composition of and carbon isotopic discrimination by E. huxleyi was a significant linear function of irradiance from 0.5 to 4.8 mol photons m-* d-I. The relationship between isotopic discrimination and irradiance in E. huxleyi provides new evidence that the 613C of the oceanic POC samples should not be treated simply as a function of sea surface temperature or [CO,],,. We propose that the P3C of E. huxleyi was controlled by irradiance through variation in the intracellular HC03--derived CO2 supply which influenced the discrimination of ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco) against 13C.
Stable carbon isotopes are increasingly used in research on a diverse range of topics, from ecosystem food-web studies (Fry and Wainright 199 1) to estimation of ancient carbon dioxide concentrations (Rau et al. 199 1) . We still, however, have a poor understanding of the full range of factors which influence the 13C composition of phytoplankton and sedimentary and particulate organic C (POC). Phytoplankton studies have reported a wide range of 613C values for different species (Falkowski 199 l) , and there have been indications that irradiance (Takahashi et al. 199 1; Thompson and Calvert 1994) , temperature (Degens et al. 1968) , growth rate (Fry and Wainright 199 l), cell leakiness (Badger et al. 1985) , and carbon fixation pathway (Descolas-Gros and Fontugne 1985) may also influence isotopic carbon composition. The underlying mechanism for these responses is proposed to be (Berry 1989) the supply rate of COz to the C3 carboxylating enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco, EC 4.1.1.39). Given the increasing and widespread use of 6' 3Cpoc, we believe that further research on environmental factors that may influence the carbon isotopic discrimination in marinc phytoplankton is crucial. Coccolithophorids in general and Emiliania huxleyi in particular are important components of the oceanic carbon cycle. E. huxleyi has a worldwide distribution, can form dense blooms at high latitudes, and seems likely to be the major source of the n-alkcnones found in ancient 
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marine sediments (Volkman et al. 1980) . Carbon fixation in E. huxleyi remains a subject of considerable research, but there is little doubt that E. huxleyi utilizes HC03-as a carbon source for coccolith formation and at least some photosynthesis (Paasche 1964; Sikes et al. 1980; Nimer et al. 1994) . Furthermore, the HC03-that is utilized seems to be actively taken up (Sikes et al. 1980) and, for some species of coccolithophorids, dehydrated by carbonic anhydrase (CA; carbonate hydrolase, E.C. 4.2.1.1) located within the chloroplast (Nimer et al. 1994 ). These characteristics suggest that E. huxleyi could be a major factor affecting variation in the 613Cpoc signal from the marine environment.
In this paper, we examine the physiological responses of E. huxleyi to variation in photosynthetic photon flux density (PFD) of 10-l 10 pmol of photons m-2 s-l and the influence of PFD on the cellular 613C of both the calcified and decalcified cells. We calculate the likely isotopic discrimination (Q. The results are discussed relative to the biology of the photosynthetic process and the extrapolation of past oceanic and atmospheric pC0, from the 613C values of sedimentary carbon.
Materials and methods
A strain of the coccolithophorid E. huxleyi (Lohman) Hay and Mohler was isolated from Ocean Station P (5O"N, 145"W) in 1993 and used for this experiment. Distilled water, purified by passing it twice through a Millipore Nanopure system, was used as the solvent for an artificial seawater medium (Harrison et al. 1980) . The medium was bubbled with air at 10°C until the pH was stable at 8.13. The medium was then enriched as by Harrison et al. (1980) , except that concentrations of N03-were reduced to l/20 normal and other nutrients to 1 / 10 normal (final concn of N03-, -25 PM; P04, -2 PM). The me-673 dium was then filter-sterilized (0.22-pm Millipore), and aliquots of 50 ml were decanted into 192 50-ml borosilicate glass test tubes with Teflon-lined caps. These tubes still contained -4 ml of air. Tubes were capped and kept in the dark at 10°C until needed.
Phytoplankton cultures were diluted (1 : 100) at midexponential phase and grown through a minimum of two transfers under the experimental conditions prior to sampling at early-midexponential phase. Three cultures were allowed to grow to late exponential phase. Cultures were grown at 10.0+0.5"C on a 12 : 12 L/D cycle. Photon flux ranged from a minimum of 10 pmol photons m-2 s-l to a maximum of 110 (measured with a Biospherical light meter, model QSLlOO, and a 4n collector). Light was provided by General Electric fluorescent tubes (F40 C75, chroma 75) and attenuated by either increasing distance or increasing distance plus neutral density screening. Six or seven independent replicates were grown for each treatment and harvested at different cell densities.
Cells were counted with a Coulter Counter, and the output signal was split into 1,024 size-specific channels by a pulse-height analyzer. The channels were calibrated against spherical particles 2.02, 5.07, and 9.52 pm in diameter. Prior to counting, l-ml subsamples were treated with a few drops of -1 N HCl to dissolve any coccoliths that might have been free floating in the subsample. Subsamples (5 ml) were analyzed for chlorophyll a on a Turner Designs model 10 fluorometer following the methodology given by Parsons et al. (1984) .
From each treatment, four replicates were decalcified by fuming with concentrated HCl overnight prior to analysis for total C and N. The remaining techniques used for these analyses are given by Thompson and Calvert (1994) . The 613C of the DIC, (total dissolved inorganic C) in the artificial medium was 5.3 +0.7 1 (11 SD). The 613C of the NaHCO, used for making the artificial medium was 6.1 &O. 11 (+ 1 SD).
The concentration of the initial ([DIC,]) was measured by the coulometric technique of Robinson and Williams (199 1) and was 1,95 1.5 pm kg-'. At harvest, the average POC was 136+46 pm kg-', representing a drawdown in [DIC,] of -7%. This compares favorably with the 2-l .75 mM or -13% seasonal reduction of [DIC,] measured in the Bering Sea (Codispoti et al. 1986 ). Because photoautotrophic growth normally discriminates against 13C, any increase in particulate organic C (POC) should result in an increase in the 13C of the DIC remaining in solution (Mariotti et al. 198 1) . If discrimination remains constant, continued photoautotrophic growth should result in an increase in 13C incorporation into the POC and a change in the 613C of the POC (Mariotti et al. 198 1) . We calculate the isotopic discrimination against 13C prior to the removal of any carbon from the DIC, pool with the following procedure (adapted from Mariotti et al. 198 1, equation 1 1):
613C POC?-1 is the isotopic composition of the algal cells (POC) anytime after t = 0, Sis the fraction of DIC remaining in the cultures (we assumed remaining DIC = initial DIC -POC), and 613Cr,rc,_0 is the isotopic composition of the DIC source at the beginning of the experiment. Within each irradiance treatment, independent replicate cultures were allowed to grow to different cell densities, and we used a nonlinear least-squares technique (Marquardt-Levenberg algorithm, Jandel Scientific, Calif.) to estimate &[, based on 613Cpoc of the four POC levels from within each treatment. A similar procedure was used to estimate &p for samples which were not decalcified befort F13C analysis. The value of &,, can bc related back to the isotopic composition of the algal cells before removal of any carbon from the DIC pool by (adapted from Mariotti et al. 198 1, equation 12) 6'3C PO0 =o = P3CDICI,() -& P (2) where 613C pocI=o is the 613C of the first product formed.
Results
Growth of E. huxleyi in response to variation in irradiance ( Fig. IA ) was approximated by a rectangular hyperbolic (Michaelis-Menten) function of irradiance (0: P max is the maximum growth rate, and KLT is the saturation constant for growth. flu,,, was 0.47kO.03 d-l, and KLT was 1.43 *O. 19 mol photons me2 d-l. Mean cell volume of decalcified cells was 77 pm3 (Table  1) . For a spherical cell, this would represent a mean diameter of 5.3 pm. Cellular carbon quotas were highly variable but were significantly less for those cells fumed with HCl before analysis (Table 1) . There was no trend in carbon quota with irradiance or trend in difference between fumed and unfumed cells with irradiance (data not shown). The mean difference between calcified and decalcified cells was 3 11.7 (mean &95% C.L.) pg cell-l. Given that a coccolith has an average weight of 0.2 pg (Balch et al. 1993) , the cells averaged 15 coccoliths. These results are in good agreement with those of Balch et al. (1993) , who calculated that an E. huxleyi cell 4.75 pm in diameter would require -15 coccoliths to be covered one layer deep. We interpret this to mean that detached coccoliths were not abundant in these cultures. Nitrogen quotas averaged 2.92 pg cell-l and were unaffected by the fuming process. They also showed no trend with irradiance. Chl a quotas decreased modestly with increasing irradiance (Fig. 1 B) .
The Mariotti model (Mariotti et al. 198 1) predicts a well-defined relationship between the isotopic composition of the accumulating product as a function of the concentration of substrate. The model (Eq. 1) requires that the isotopic composition of the carbon substrate be given to calculate cp from 613Cpoc at any time > t = 0.
For our research with E. huxleyi, the model can use the isotopic composition of the carbon source as either -5.3%0 (measured for DIC,) or -14.9%0 (estimated for CO, based on Mook ct al. 1974). For three treatments, some cultures were allowed to deplete DIC over a range of 5-50% (these (Nimer et al. 1994) . The 613C of the fumed E. huxleyi cells from three irradiance treatments showed nonoverlapping ranges ( Fig.  2A) . Given that the 613C of the possible DIC sources were identical and the range of POC concentrations similar, we proceeded with ANOVA.
Even without fitting the Mariotti model (Mariotti et al. 198 1) and calculating the 613C of the cells at t = 0 (before any POC is formed or DIC consumed), the treatment effects were significant ( Table 2 ). The least-squares method of fitting Eq. 1 gives an estimate of the 613C value of the cells at t = 0 (and POC = 0) based on the three or four independent mcasures of Fr3CpoC for each treatment ( Fig. 2A) . Data thus corrected for DIC consumption also showed significant treatment effects (Table 2) . Over the range of 1 ,OOO-2,500 pg POC liter-', the observed 613C values show no indication of an -lOo/oo shift which could be related to a change in carbon source ( Fig. 2A) .
Assuming that HC03-was the carbon source, we can USC Eq. 2 to calculate the isotopic discrimination (cp) based on the 613C of the DIC. The resulting values of cp varied significantly (r2 = 0.98, P 5 0.01) with irradiance (Fig.  2B) . 'The maximum value of cp was 24.6 at 4.8 mol photons m-2 d-l, and the minimum was 17.9 at 0.5 mol photons m-2 d-l. The carbon isotopic discrimination of the E. huxleyi cells with their coccoliths attached also varied linearly (r2 = 0.88, P 5 0.01) with irradiance ( Fig.  2B) . The discrimination against 13C was a significant loglinear function of both carbon flux (Fig. 3A) and growth rate (Fig. 3B) .
Although we believe the internal HCO,-pool of the cells is the likely carbon source for coccolith formation and the source of CO, for rubisco (Nimer et al. 1994) , the calculations of 613C poc at t = 0 and cp can also be calculated assuming CO2 for rubisco is supplied from external [CO,],,. This assumption has a ncgligiblc effect on the slope of &; vs. irradiance (data not shown). The mean difference between cp for the fumed vs. unfumed cells was 5.1%~ and did not vary significantly with irradiancc (Fig. 2B) . 
Discussion
The widely held view that isotopic discrimination in marinc microalgae is caused by the supply rate of CO, associated with the low levels of [CO,],, in seawater and relatively slow inward diffusion of CO2 cannot apply to spccics that use HC03-as a carbon source. Depending on the ratio of calcification to photosynthesis, HC03-may supply the majority of carbon to whole E. huxleyi cells (Nimer and Merrit 1992; Nimer et al. 1994) . Thus the large (8-10%) variation in cp we observed for both calcified and decalcified E. huxkeyi cells is unlikely to be caused by variation in the inward diffusion of CO2 or the concentration of CO2 dissolved in the water. Our results indicate that variation in q, for E. huxleyi is most closely related to variation in irradiance rather than to growth rate or estimated carbon flux. Given the ubiquitous and bloom-forming nature of E. huxleyi, 613C measurements from oceanic POC and carbon sedimented to the ocean floor could bc strongly influenced by the 613C signal of E. huxleyi. If the results from the present study apply to natural populations of E. huxleyi, then geochemical models (Rau et al. 1991 ) that hindcast [CO,] ,, from 613C of organic matter from sediments need to be re-examined.
Furthermore, E. huxleyi is thought to be the major source of the n-alkadienones found in marine sediments (Volkman et al. 1980) . It is well established that the un- saturation ratios of n-alkenones can be correlated with water temperature (Sikes and Volkman 1993 ), but it is not known whether they covary with irradiance. This covariance should, however, be anticipated because low temperature and high irradiance have similar effects on cell physiology and the biochemical composition of phytoplankton, particularly their chlorophyll and fatty acid composition. Because the 613C of the decalcified E. huxZeyi cells changed dramatically in response to irradiance in our experiments, use of 613C measurements from the sedimentary n-alkadienone (637:2) to improve estimates of 613C in ancient marine sediments (Jasper and Hayes 1993) may also require reconsideration. Relatively little is known about the physiology of E.
huxleyi, particularly those clones isolated from the oceanic subarctic Pacific. The maximum measured growth rate for E. huxleyi in this study (0.35 d-') was -4 times lower than the maximum given by Eppley (1972) for marine phytoplankton at 10°C but similar to the estimated in situ growth rate of phytoplankton populations in the North Pacific central gyre (Welschmeyer et al. 199 1) . The C and N quotas were highly variable and showed no tendency to covary with irradiance, which contrasts with several other species. Finally, the Chl a quota was quite variable within irradiance treatments but managed a mean change of about a tenth that demonstrated by other species over a similar range of irradiances (Falkowski 1980) . This limited capacity for irradiance-controlled phenotypic acclimation may reflect adaptation to the relatively stable environment of the subarctic Pacific gyre.
If we assume rubisco from terrestrial plants and microalgae is similar in 13C discrimination, then in the absencc of other factors, cp of the fumed cells could be constant near 29.4o/oo (Roeske and O'Leary 1984) . Recently it was demonstrated that 13C discrimination by E. huxleyi was influenced by irradiance (Hinga et al. 1994) , and our data show that Q, was a linear function of irradiance and an exponential function of growth rate and carbon flux. If 13C discrimination by E. huxleyi was simply a function of C flux through rubisco, it. should have covaried linearly with the estimated C flux (rphotosynthesis) and also should have been a saturating function of irradiance. The nonlinear relationship between c, and C flux and the linear relationship between &p and irradiance suggests that 13C discrimination in E. huxleyi was associated with at least one energy (light) -requiring process other than carbon fixation (such as the rate of CO2 supply).
The process of calcification in E. huxleyi requires light energy (Paasche 1964) , suggesting that the supply of CO2 to rubisco from HC03-taken up for coccolith formation (Nimer et al. 1994) should also be influenced by irradiance. In our experiments, ey was maximal at the highest PFD, indicating that 13C discrimination by rubisco was maximal under conditions of highest energy input, although Q, still only reached 24.6%~. These results are consistent with generalized models of carbon isotope discrimination, such as those of Farquhar et al. (1989) , assuming that the CO, supply to rubisco is proportional to the rate of calcification, which is also related to irradiance.
It is known that calcification of E. huxleyi saturates at a lower irradiance than does photosynthesis and that the ratio of carbon used for calcification : photosynthesis (C: P) can vary (Paasche 1964) . It has been shown that calcification rate may exceed the photosynthetic rate (Paasche 1964) , although the opposite has also been reported for low-density E. huxleyi cultures, such as those used in our experiments (Nimer and Merrit 1992) . Thus, the two major factors thought to control carbon isotopic discrimination-substrate transport and carboxylation rateshould covary with irradiance but with different kinetics.
If conventional models of discrimination are correct (Berry 1989; Farquhar et al. 1989) , discrimination should be a function of the probability that a HC03-molecule once pumped into the cell and decarboxylated to CO2 in the chloroplast (Nimer ct al. 1994) will diffuse out of the cell prior to fixation by rubisco. Where the probability of this is zero, the carbon isotopic composition of the cell will approach that of HC03-because rubisco will have no opportunity to discriminate and the fractionation as-sociated with HC03-transport is considered to be small (Farquhar et al. 1989) . If HC03-uptake by E. huxleyi increases in proportion with PFD but at a faster rate than carbon fixation (C : P ratio > 1 and increasing), the probability of a CO, molecule diffusing out of the cell must also increase. Under these conditions, the 613C composition of the cells becomes more negative, producing results similar to those we observed. Alternatively, if the C : P ratio is < 1, some variation in the carbon isotopic composition of the cells may be associated with variable amounts of carbon derived from external C02. However, unless the C : P ratio decreases to near zero, this effect would be too small to explain the relationship between + and irradiance we observed. The 5. I?& difference WC obscrvcd between calcified and decalcified E. huxleyi cells is consistent with the coccoliths comprising -16% of the total cellular C (or 3 pg cell-') and having a 613C equal to that of HCO, .
For cells that utilize HC03-as a carbon source but have no calcification, the HC03-pump may operate at a rate similar to carboxylation. Under these circumstances, the probability of a CO2 molecule diffusing out of the cell could be proportional to the turnover time of rubisco. Because turnover time is a linear function of PFD (Sukcnik et al. 1987) , the overall effect would be a cell with a smaller isotopic discrimination at higher PFD, as shown for Chlamydomonas reinhardtii (Takahashi et al. 1991 ).
However, depending upon how a cell balances the ratio of HC03-pump to carboxylation, the relationship between irradiance and isotopic discrimination may be reversed. In fact in the past decade, a number of researchers have reported various relationships between irradiance and 13C discrimination in aquatic plants (Wefer and Killingley 1986; Takahashi et al. 199 l) , suggesting considerable diversity in the relationship between energy supplied to the organism and carbon flux to rubisco. Recent work on the marine diatom Thalassiosira pseudonana showed that under low PFD 13C discrimination was minimized (Thompson and Calvcrt 1994) . Under conditions of low light energy, the energy-requiring HC03-pump may provide less than optimal carbon, resulting in a small internal CO2 pool and very little discrimination by rubisco.
